ABSTRACT A total of 630 8-week-old female Hybrid Converter turkeys were divided (based on their body weights) into 6 groups, with 7 replicates per group and 15 birds per replicate. All birds were fed identical isocaloric and isonitrogenous wheat-soybean mealbased diets without (group 1) or with (groups 2 to 6) increasing levels of supplemental methionine (Met). The total content of Met in diets 1 to 6 was as follows (%): 0.29, 0.32, 0.40, 0.47, 0.56, and 0.61 at 9 to 12 wk of age and 0.24, 0.28, 0.34, 0.42, 0.47, and 0.55 at 13 to 16 wk of age. In both feeding phases, dietary Met levels in group 3 corresponded to those recommended by the National Research Council (NRC) (1994). Different dietary Met concentrations had no influence on feed intake, the final body weights of turkeys or carcass dressing percentage. Only in the first experimental feeding period (9 to 12 wk), the lowest dietary Met content significantly deteriorated the feed conversion ratio (FCR), whereas the highest Met content led to a significant improvement in FCR. After 8 wk of experimental feeding, dietary treatment 1 contributed to a significant increase in the activity of catalase (CAT) (blood and breast muscles) and superoxide dismutase (liver), an increase in lipid peroxides concentrations (blood, breast muscle) and a decrease in total glutathione (GSH+GSSG) content (breast muscles), in comparison to treatment 3 which is comparable to NRC recommendations. The highest level of dietary Met significantly increased blood total antioxidant potential (FRAP) values and glutathione content in the liver. To sum up, in the final feeding period between 9 and 16 wk of age, the growth performance of female turkeys was not deteriorated by dietary Met deficiency or excess (-30% and up to +50% relative to NRC recommendations, respectively). The total antioxidant potential can be effectively increased by dietary Met supplementation, but the highest Met level may lead to unbalanced oxidative changes in the body as indicated by lower FRAP values and a lower GSH/GSSG ratio in the liver.
INTRODUCTION
A fast growth rate in chickens and turkeys is dependent upon high dietary concentrations of essential amino acids, including methionine (Met). The Met content of raw feed materials and components is much lower than the nutrient requirements of birds (NRC, 1994) . Therefore, Met is the first essential amino acid that limits the biological value of protein in typical cereal/soybean meal-based diets (Meirelles et al., 2003; Lemme et al., 2005; Kim et al., 2006; Matsushita et al., 2007) . In addition to its primary role in protein synthesis, Met serves as a methyl group donor and determines important non-proteinogenic functions in the body. The methyl group added to DNA in the DNA methylation process, which determines cell development and differentiation, is mostly the product of the conversion of Met to S-adenosyl methionine (Niculescu and Zeisel, 2002) . In poultry, Met in the diet can affect the methylation process in skeletal muscle tissues and the meat quality of broilers (Liu et al., 2010) .
As a sulphur-containing amino acid, Met is a precursor of other sulphuric amino acids (L-cysteine and taurine) and other substances involved in the sulphurcontaining antioxidant system (Mukwevho et al., 2014) . L-cysteine (Cys) participates in the synthesis of reduced glutathione (GSH) required to maintain the redox balance in cells and counteract oxidative stress. During hydrogen peroxide scavenging, GSH is oxidized 1235 to glutathione disulfide (GSSG), with the GSH/GSSG ratio being a measure of the liver's antioxidant status (Rahman et al., 2005) . Under induced oxidative stress conditions in rats, Met increased the activity of glutathione peroxidase, glutathione reductase and glutathione transferase (B laszczyk et al., 2009) . In growing chickens, during the first period of postnatal life when the risk of lipid peroxidation is high due to feeding with unsaturated fats, higher levels of Met stimulate the glutathione redox system and glutathione peroxidase activity (Németh et al., 2004) .
As a proteinogenic amino acid, Met is also involved in the development of immune system proteins (Fang et al., 2010) . Dietary Met and Cys have been found to participate in stimulating the defence functions of the gastrointestinal tract in poultry (Ruth and Field, 2013) and to affect blood concentrations of lymphocytes and heterophyls (Bouyeh, 2012) . Previous research has shown that the immune system of chickens is stimulated if dietary Met levels greatly exceed those recommended to meet the growth needs of birds (Dahiya et al., 2007; Bouyeh, 2012) .
A review of experiments on chickens suggest that the antioxidant and immune status of birds could be improved by increasing dietary Met concentrations. The results of published studies that have investigated turkeys Kubińska et al., 2015a,b) do not provide a basis for establishing the dietary inclusion levels of Met, which could enhance (or stimulate) antioxidant and immune mechanisms in growing turkeys. Therefore, the aim of this study was to determine whether dietary supplementation with graded levels of Met in the final stage of rearing (9 to 16 wk of age) affects the antioxidant status of turkeys and turkey meat.
MATERIALS AND METHODS

Birds, Management and Diets
The animal protocol used in this study was approved by the Local Ethics Committee (Olsztyn, Poland), and the study was carried out in accordance with the EU Directive 2010/63/EU on the protection of animals used for scientific purposes. The birds were kept in pens on a litter in a building with a controlled environment. The temperature and lighting programs were consistent with the recommendations for Hybrid Turkeys (2012). The birds had free access to feed and water throughout the growth period. A total of 630 8-week-old female Hybrid Converter turkeys were divided (based on their body weights) into 6 groups, with 7 replicates per group and 15 birds per replicate. All birds were fed identical isocaloric and isonitrogenous wheat-soybean meal-based diets (Table 1) with different levels of supplemental Met.
Amino acids were analyzed by HPLC (Beckman 6300, Beckman Instruments Corp., Palo Alto, CA, USA) af- ter 24 h of hydrolysis with 6 N hydrochloric acid at 120 • C, using the methodology recommended by the NFIA (1991) . For the analysis of sulphur-containing amino acids, performic acid oxidation treatment was applied to prevent cysteine destruction. Phenol was added to prevent partial destruction of phenylalanine, histidine, and arginine.
The total content of Met in turkey diets 1 to 6 was as follows (%): 0.29, 0.32, 0.40, 0.47, 0.56, and 0.61 at 9 to 12 wk of age and 0. 24, 0.28, 0.34, 0.42, 0.47, and 0 .55 at 13 to 16 wk of age. In both feeding phases, dietary Met levels in group 3 corresponded to those recommended by the NRC (1994). Relative to NRC recommendations, Met deficiency was around 30% and 20% (groups 1 and 2, respectively), and the concentrations of this amino acid were increased by approximately 20%, 35%, and over 50% in groups 4 to ( Table 2 ). The total concentration of sulphur-containing amino acids ranged from 0.62% to 0.87% in the first feeding period and from 0.54% to 0.83% in the second feeding period, and the differences between the groups resulted from different Met content. 
Growth Trial and Sample Collection
Feed intake (FI), body weight gain (BWG), and the feed conversion ratio (FCR) were determined during 9 to 12 and 13 to 16 wk. A pen of 15 birds was considered as an experimental unit for the purposes of determining growth performance parameters. At the end of the trial, 8 birds representing the average body weight of each group were selected, tagged, and fasted for 8 h. Blood samples were collected before slaughter from 8 turkeys in each group. After slaughter, the carcasses were scalded, plucked, and eviscerated. The weights of the breast, thigh, drumstick, giblets, and abdominal fat were calculated relative (%) to the live body weight of birds before slaughter. The redox status of the liver and meat was determined for 8 samples collected in 3 selected groups (1, 3, and 6).
Hematological and Biochemical Analysis
Immediately after collection, blood samples were aliquoted into test tubes containing heparin and EDTA as anticoagulants. The samples were centrifuged at 3,000 × g for 10 min. The obtained plasma was stored at -20
• C until analysis. The content of hemoglobin (Hb) and hematocrit (Ht) was measured using an automatic hematology analyzer (Abacuss Junior Vet, Diatron, Hungary).
The content of total cholesterol (TC), triacylglycerols (TAG), urea (UREA), uric acid (UA), total protein (TP), albumin (ALB), creatinine (CREAT), and the activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), lactate dehydrogenase (LDH), and gamma-glutamyl transferase (GGT) were measured in blood plasma using an automatic biochemical analyzer (Plasma Diagnostic Instruments Horiba, Kyoto, Japan).
As described previously (Ognik and Wertelecki, 2012) , the following indicators of the redox status were determined in the turkey blood plasma or erythrocytes: the concentrations of vitamin C, lipid peroxide (LOOH), malondialdehyde (MDA), sum of reduced glutathione and oxidized glutathione (GSH + GSSG), the activities of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GPx), and the ferric reducing ability of plasma (FRAP).
Total antioxidant potential, measured as the ferricreducing ability of plasma (FRAP), was evaluated following Benzie and Strain (1996) . In this method, Fe +3 is reduced to Fe +2 , which forms a colored complex with 2, 4, 6 tripyridyltriazine (TPTZ) present in the solution. An increase in the absorbance of the TPTZ-Fe +2 complex is proportional to the amount of the antioxidant in the test tube. The serum levels of malondialdehyde (MDA), a product of lipid peroxidation, were determined as described by Salih et al. (1987) .
Liver and meat homogenates were assayed for CAT activity and for the concentrations of vitamin C, LOOH and MDA, as described above. The content of GSH and GSSG was determined as described by Rahman et al. (2006) . SOD activity was determined by measuring the rate of adrenaline auto-oxidation at 30
• C, based on an increase in absorbance at 320 nm, which corresponds to an increase in the concentrations of various products of adrenaline oxidation (Greenwald, 1985) .
Statistical Analysis
For a statistical analysis of performance parameters, a single pen (n = 7) was considered as a replicate experimental unit. For the analysis of biochemical and antioxidant parameters of tissues, individual birds were considered as experimental units. The analysis of biochemical and antioxidant parameters of plasma was performed on 42 birds representing 7 replications from each of 6 experimental groups. Redox indicators of the liver and meat were analyzed in 7 birds selected from experimental groups 1, 3 and 6 (one bird representing average BW ± 15% per pen).
One-way analysis of variance (ANOVA) was performed with the use of STATISTICA 10.0 software (StatSoft, Kraków, Poland). The significance of differences between means in groups was determined by Duncan's test. Data are presented as means ± SEM, and the value of P < 0.05 was considered statistically significant. Regression equations were derived for the parameters that were significantly different in Duncan's test. In the equations, dependent variables (Y) were growth performance parameters and the antioxidant status of birds, and the independent variable (x) was the Met content of diets in wk 13 to 16 (blood parameters) or the average Met content of diets in wk 9 to 16 (FCR). The regression equations (linear, quadratic and cubic) that produced the most accurate results (as indicated by higher values of the coefficient of determination R 2 and higher P values) were discussed in the Results section and presented in the Tables.
RESULTS
In both feeding phases and throughout the experiment, the applied dietary treatments had no effect on FI or BWG of turkeys (Table 3 ). Significant differences in FCR were noted only in the first feeding phase (9 to 12 wk) when FCR values were higher in group 1 than in groups 2-4, and lower in group 6 than in the remaining groups (P < 0.01). During the entire experimental period, FCR values were described by a significant (P = 0.006) cubic model, Y = 5.361 -2.052x + 0.468x 2 -0.034x 3 ± 0.062, with a relatively low coefficient of determination, R 2 = 0.273. Carcass dressing percentage was close to 82% in all groups, and breast muscle yield accounted for 22% of live body weight. There were no significant differences between groups in the percentages of thigh meat, drumstick meat, or fat in the carcasses (Table 4) .
The dietary treatments had no influence on hematological parameters, total cholesterol, urea or the activity of CK, LDH, and GGT in the blood of turkeys (Table 5 ). As regards the remaining blood biochemical parameters, differences were found between some groups in the concentrations of total protein (P < 0.05), albumin (P < 0.01), CREAT (P < 0.05), UA (P < 0.05), and in the activity of AST, ALT, and ALP (P < 0.05, P < 0.05 and P < 0.05, respectively). However, no significant linear relationships were observed between dietary Met levels and the levels of those blood parameters that varied across treatments. Low values of the coefficient of determination, from 0.175 for TAG to 0.326 for creatinine, indicate that only a small portion of variation in those parameters can be attributed to the effect of the experimental factor.
The Met content of diets influenced selected parameters of the blood redox status of turkeys (Table 6) . No significant linear relationships were observed between dietary Met levels and the activity of CAT and SOD. The activity of CAT can be described by a quadratic model (P = 0.017), but significant differences (P < 0.05) was noted only between T1 and the remaining treatments. The activity of SOD can be described by a cubic model (P = 0.016), and it was highest in treatments T1 and T2 vs. T4 (P < 0.01). In both cases, the coefficient of determination (R 2 ) was relatively low at 0.188 and 0.235 for CAT and SOD, respectively. No differences were observed between the groups in terms of GPx activity or plasma concentrations of vitamin C, Means within a row with different superscripts differ significantly (P < 0.05), Ht, hematocrit; Hb, hemoglobin; CHOL, cholesterol; TAG, triacylglycerols; TP, total protein; ALB, albumin; CREAT, creatinine; UREA, urea; UA, uric acid; AST, aspartate aminotransferase;, ALT, alanine aminotransferase; ALP, alkaline phosphatase; CK, creatinine kinase; LDH, lactate dehydrogenase; GGT, gamma-glutamyl transferase.
1 data representing mean values of 7 birds per treatment. GSH, and GSSG, as well as lipid oxidation products, LOOH and MDA. Based on plasma total antioxidant potential (FRAP), the experimental groups could be arranged into the following order: 5 > 6 > 4, 3, 2 > 1, with a statistically significant difference between groups 4 and 1 (P < 0.01). FRAP levels can be described by a significant quadratic model (P < 0.001), with the highest value in treatment T3. The relatively high R 2 (0.520) confirms the presence of a relationship between dietary Met levels and FRAP values.
No differences were noted in the concentrations of vitamin C and LOOH or in the CAT activity in the livers of turkeys from treatments 1, 3, and 6 (Table 7) . SOD activity increased linearly with increasing dietary Met content (R 2 = 0.356, P = 0.004), but a significant difference was found between treatments 3 and 6 (P < 0.05). Liver MDA levels were lower in group 2 than in groups 1 and 6 (P < 0.01), and their relationship with dietary Met content was described by a significant quadratic function (R 2 = 0.443, P = 0.005). The concentrations of GSH and GSSG, as well as the values of the GSH/GSSG ratio, were similar in groups 1 and 3, whereas group 6 turkeys were characterized by significantly lower concentrations of GSSG+GSH and GSH, a lower GSH/GSSG ratio and higher GSSG content. The relationships between dietary Met levels vs. GSH concentrations and the GSH/GSSG ratio were described by a quadratic model with very high R 2 values (0.670 and 0.779, respectively). The differences between groups indicate that the lowest dietary Met content (T1) induced smaller changes in the analyzed parameters than the highest Met content (T6), relative to treatment T3. No significant differences were observed between groups 3 and 6 in the redox status of breast meat, whereas differences were noted in selected parameters relative to group 1 (Table 8 ). CAT activity decreased linearly with increasing dietary Met levels (R 2 = 0.512, P < 0.001), and significant differences were found between treatment 1 vs. the remaining treatments. In comparison with T1, treatments T3 and T6 were characterized by higher glutathione concentrations (P < 0.01) and lower LOOH levels (P < 0.01). The relationships between both parameters and dietary Met levels were described by a quadratic function with high R 2 values (0.520 and 0.635, respectively).
DISCUSSION
According to numerous studies (Deng et al., 2007; Rubin et al., 2007; Bouyeh, 2012; Elagib and Elzubeir, 2012; Yodseranee and Bunchasak, 2012; Hadinia et al., 2014) , Met-deficient diets, relative to NRC (1994) recommendations, deteriorate the growth performance of broiler chickens. In a few experiments (VazquezAnon et al., 2006; Bouyeh, 2012), dietary Met concentrations above the recommended levels increased BWG and/or improved FCR in broilers. The results of previous experiments on turkeys revealed that in the first feeding phase (1 to 8 wk), dietary Met levels lower than those recommended by the NRC (1994) decreased BWG, whereas increased Met content did not improve performance parameters (Kubińska et al., 2015a,b) . In another study (Jankowski et al., 2016) , during the second feeding phase (9 to 16 wk), the growth performance parameters of turkeys were stable regardless of the dietary inclusion levels of Met (below or above the recommended intake). This is consistent with the results of our experiment, where diets with a different Met content, approximately 30% lower and 50% higher than that recommended by the NRC (1994), had no influence on the growth performance of female turkeys.
According to Wen et al. (2014) , an increase in body weight gain and breast muscle yield in chickens may be due to the beneficial effects of Met on factors that regulate DNA transcription, cell growth and proliferation. Such a mechanism could explain the results of experiments, where increased Met content in broiler diets accelerated the growth rate of birds, reduced carcass fatness, and improved meat quality (Liu et al., 2010) . In our study, different concentrations of dietary Met did not affect carcass dressing percentage, including breast muscle yield, which suggests that even the lowest Met content was sufficient to meet the requirements for muscle development.
In an experiment performed on broiler chickens (Yodseranee and Bunchasak 2012), a diet containing 0.3% Met (and no supplemental DL-Met) increased the plasma concentrations of uric acid. In another study (Wen et al., 2014) , plasma uric acid levels in chickens increased in response to increasing dietary Met content. A similar trend was observed in the present experiment, with significant differences in the plasma concentrations of uric acid found between groups fed diets with a higher (groups T4 -T6) and lower (groups T1 -T3) Met content. According to Donsbough et al. (2010) , an increase in the serum concentrations of uric acid may point to intensified nitrogen catabolism, which is observed when the amino acid composition of proteins does not meet the needs of growing birds. In our experiment, such a possibility was suggested by the finding that creatinine concentrations and ALT and ALP activity increased in the blood serum of turkeys fed diets with Met content exceeding NRC (1994) recommendations. Hadinia et al. (2014) demonstrated that increased dietary Met levels led to an increase in globulin concentrations and a decrease in albumin concentrations in total serum protein in broiler chickens. In the present experiment, significant differences were noted in the concentrations of albumin and total protein between some groups (T2 vs. T3 and T5), which does not allow us to draw conclusions regarding the effect of dietary Met levels on total serum protein in turkeys. In previous studies performed on turkeys fed diets with a low and high Met content for 4 and 8 wk (0.45% vs. 0.71% and 0.40% vs. 0.57%, respectively), no significant differences were noted in blood biochemical parameters Kubińska et al., 2015a,b) .
In this study, an increase was noted in plasma TAG concentrations in turkeys fed diets with the highest Met content, which corroborates the findings of Ghasemi et al. (2014) who reported that increased Met inclusion rates may stimulate lipogenesis in poultry. In our experiment, however, elevated TAG levels had no influence on the abdominal fat content of turkey carcasses, which indicates that dietary Met treatments had a limited effect on lipogenesis in muscles.
Recent experiments (Chen et al., 2013; Mukwevho et al., 2014; Shen et al., 2015) suggest that dietary Met enhances the antioxidant system, but their findings are ambiguous and inconclusive. In a study by Castellano et al. (2015) , a decrease in plasma antioxidant potential (FRAP and DPPH) and an increase in SOD activity were noted in piglets fed Met-deficient diets. In another experiment (Chen et al., 2013) , plasma SOD activity increased and plasma MDA concentrations decreased with increasing levels of dietary Met in broiler chickens. In the present study, higher SOD activity was observed in turkeys fed diets with the lowest and highest Met content, whereas plasma FRAP values increased significantly with increasing levels of dietary Met, with the highest value noted in group T5. The Met-induced increase in FRAP values was accompanied by elevated uric acid concentrations in the blood plasma of turkeys, which was an important determinant of total plasma antioxidant potential. According to Yodseranee and Bunchask (2012) , chicks use uric acid to scavenge hydroxyl, peroxy and superoxide radicals by electron transfer before the oxidant can react with the targeted biological molecule and inhibit DNA damage and lipid oxidation in cellular membranes.
The synthesis of GSH in the liver and the GSH/GSSG ratio play an important role in antioxidant protection. In many experiments (Németh et al., 2004; Chen et al., 2013; Shen et al., 2015) , increased dietary Met levels contributed to an increase in GSH concentrations in broiler chickens. In our study, the concentrations of GSH and GSSG and the values of the GSH/GSSG ratio were similar in the Met-deficient group and in the group where Met levels matched NRC (1994) recommendations. A deterioration in the values of the analyzed parameters was noted in the group of turkeys fed the diet with the highest Met content, including significantly lower GSH concentrations, significantly higher GSSG levels and, consequently, a lower GSH/GSSG ratio. The above results indicate that low dietary Met levels exerted no significant effects, whereas a considerable increase in the Met content of turkey diets intensified the oxidation processes in the liver. Such a conclusion can also be derived based on increased MDA concentrations in the livers of turkeys fed diets with Met content higher than that recommended by the NRC (1994).
The results of many experiments indicate that high doses of substances considered to be antioxidants, such as vitamin E (Pearson et al., 2006; Nadeem et al., 2012) and ascorbic acid (Yen et al., 2002) , exert pro-oxidant effects. In the present study, the breakdown of a growing trend in FRAP values in group 6 suggests that high doses of dietary Met can display both anti-and pro-oxidant activities. Nevertheless, the FRAP value in group 6 was higher than in group 3 where dietary Met content was consistent with NRC recommendations.
In the experiment on piglets (Castellano et al., 2015) , Met-deficient diets induced minor changes in the antioxidant status of the longissimus dorsi muscle. In our study, no differences were observed in the antioxidant status of breast meat from turkeys fed the diet with the highest Met content, as compared to the diet with Met content that matched NRC (1994) recommendations. Increasing dietary Met levels had no influence on CAT and SOD activity or GSH+GSSG concentrations. When the Met content of diets was reduced, relative to NRC (1994) recommendations, GSSG+GSH concentrations decreased and LOOH concentrations increased.
CONCLUSIONS
In view of our recent results concerning young growing turkeys, it can be concluded that in the final stage of rearing, between 9 and 16 wk of age, female turkeys are less susceptible to both dietary Met deficiency and excess (-30% and up to +50% relative to NRC recommendations, respectively) with regard to their growth rate. As indicated by FRAP levels, the total antioxidant potential can be effectively increased by dietary Met supplementation, but the highest Met level may lead to unbalanced oxidative changes in the body as indicated by a lower GSH/GSSG ratio in the liver and an undesirable rise in blood triacylglycerols.
